The technique of representation difference analysis PCR has been applied to find genes specific to Mycobacterium avium subsp. paratuberculosis. This generated a 671 bp fragment which was used to isolate a larger genetic element found in the enteric pathogens M. avium subsp. paratuberculosis and M. avium subsp. silvaticum but which was absent from the very closely related and relatively benign M. avium subsp. avium. This element, designated GS, is greater than 6 5 kbp in length and has a G+C content 9 mol% lower than other genes from this species. There is a previously uncharacterized insertion sequence associated with one end. The GS element encodes five ORFs in M. avium subsp. paratuberculosis and Ad. awium subsp. silvaticum, all of which have counterparts encoded in Mycobacterium tuberculosis. Database searches revealed homologues for these ORFs in a number of bacterial species, predominantly Gram-negative organisms, including a number of enteric pathogens. These homologous genes encode functions related to LPS or extracellular polysaccharide biosynthesis. This element has a number of features in common with pathogenicity islands such as its low G+C content, an association with a putative insertion sequence and a grouping of genes of related function with a possible link to virulence. No direct link to pathogenicity has been shown but GS may belong to a group of related 'genetic islands' and represents the first such element to be identified in mycobacteria.
INTRODUCTION
The Mycobacterium auiurn complex consists of three subspecies, M. auium subsp. paratuberculosis, M . auium IP: 54.70.40.11 On: Wed, 26 Dec 2018 22:18:43 M. T I Z A R D a n d OTHERS Diarmid, 1979) . The condition in animals shows a broad range of histopathological characteristics (Buergelt et al., 1978; Perez et al., 1996; Clarke, 1997) . In classical pluribacillary disease, acid-fast bacilli and macrophages are visible microscopically in the tissues but with little additional inflammatory cell infiltrate. In paucimicrobial disease, however, bacilli are rarely observed but there is a florid granulomatous inflammatory response (Carrigan & Seaman, 1990; Clarke & Little, 1996) .
M . auium subsp. paratuberculosis and the wood pigeon strain M. avium subsp. silvaticum are very closely related organisms (Collins et al., 1983; Saxegaard & Baess, 1988; Hurley et al., 1989; Thorel et al., 1990) .
DNA analysis of part of the rRNA operon shows only very minor differences between these organisms and other M. avium complex strains (Boddinghaus et al., 1990; van der Giessen et al., 1994) . Strain differences within M. avium subsp. paratuberculosis (Levy-Frebault et al., 1989; Collins et al., 1990) , however, particularly those recently identified between bovine and ovine isolates (Pavlik et al., 1995; Bauerfeind et al., 1996) , suggest that these pathogens are adapting to their niche in individual hosts. Studies on four isolates of M . avium subsp. paratuberculosis from humans with chronic enteritis of the Crohn's disease type, so far suggest a common clonal origin (Francois et al., 1997) .
The principal distinctions between the genomes of M. avium complex strains are the presence of transposable insertion elements including IS2245 (Guerrero et al., 1995) found in all three M. auium complex subspecies, IS900 found exclusively in all M. avium subsp. paratuberculosis isolates, IS901 /2 (Green et al., 1989; Kunze et al., 1991; Moss et al., 1992b) , IS2120 (Hernandez Perez et al., 1994) and IS2321 (Roiz et al., 1995) .
Phylogenetic relationships of these elements suggest these organisms have been recipients of exogenous DNA in recent evolutionary times whilst some strains of M. auium subsp. avium lack all of these elements. This investigation was designed to explore further specific genetic differences between these enteric pathogens and M. auium subsp. auium, using representational difference analysis (Lisitsyn et al., 1993) .
METHODS
Cell and DNA extraction. M. avium subsp. paratuberculosis human Crohn's disease strains 0138 and 0139, bovine isolates 0022,0025,0204, 0206,0207, 0209,0210,0211 and 0212, red deer isolate 0021 and isolate 0208 (ATCC 19698) were grown in Dubos broth (Difco) supplemented with 20 ' / o newborn calf serum (Gibco) and 2 mg mycobactin J 1-1 (Rhbne Mirieux).
M. avium subsp. silvaticum strains 0010,0012 and 0013 (from wood pigeons) were grown in Dubos supplemented with 10 Yo DMA (150 mM NaC1, 5 % BSA, 7.5 YO dextrose) and 2 mg mycobactin J IF1. M. avium subsp. avium strain 0018 (gift from F. Portaels, Institute of Tropical Medicine, Antwerp, Belgium; an AIDS isolate not related to M. avium subsp. avium strain 18; Chiodini, 1993) and M. avium subsp. avium strains 0033,0034,0037,0038 and 0040 (blood culture isolates from AIDS patients) were grown in Dubos with 10% DMA but without mycobactin J. Cells were harvested by centrifugation and DNA was extracted using the method described by Doran et al. (1994) . Briefly, cells were incubated at 37 "C in 0-1 ' / o SDS, 1 mg proteinase K ml-', TNE buffer (50 mM Tris/HCl, p H 8.0; 150 mM NaCl; 10 mM EDTA) for 18 h followed by phenol/chloroform/isoamyl alcohol extraction. DNA for use as PCR template was diluted in TE,, buffer (10 mM Tris/HCl, pH 8.0; 0.1 mM EDTA).
Representational difference analysis PCR (RDA-PCR). The RDA-PCR technique (Lisitsyn et al., 1993 ; Lisitsyn & Wigler, 1995) was adapted to subtract the genome of M. avium subsp. avium strain 0018 from that of M. avium subsp. paratuberculosis strain 0138. The method involved three rounds of amplification and subtractive hybridization. M. avium subsp. paratuberculosis strain 0138 DNA (1 pg) was digested with BamHI (Boehringer), using manufacturer's recommended conditions, and ligated with the oligonucleotides RBaml2 (5' GATCCTCGGTGA 3') and RBam24 (5' AGCACTCTCC-AGCCTCTCACCGAG 3'). The ligate (80 ng) was amplified with the RBam24 primer in a 50 pl reaction with Taq DNA polymerase (Promega) using manufacturer's recommended conditions, 4 mM MgCl, and 30 cycles of 93 "C for 1 min, 58 "C for 1 min, 72 "C for 3 min. This product represented the tester amplicon. This procedure was repeated using 1 pg M. avium subsp. avium strain 0018 DNA and the product generated represented the driver amplicon. Both the tester and driver amplicons were digested with BamHI to remove the terminal adapter oligonucleotide sequences. The tester amplicon was ligated with JBam24 (5' ACCGACGTCGAC-TATCCATGAACG 3') and JBaml2 (5' GATCCGTTCATG 3'); 0.4 pg of this ligate was hybridized with 20 pg driver amplicon at 67 "C for 20 h in 1 M NaC1,l mM EDTA, 10 mM EPPS following denaturation at 94 "C for 5 min. The resulting mixture was digested with mung bean nuclease for 30 min and the nuclease was heat-inactivated. Then, 2 pg of this sample was amplified with the JBam24 primer using 20 cycles of the conditions described above. This JBam tester amplicon was digested with BamHI and ligated with NBam24 (5' AGGCA-ACTGTGCTATCCGAGGGAG 3') and NBaml2 (5' GATC-CCCTCG 3') ; 0.4 pg of this ligate was hybridized with 20 pg driver amplicon as described above. Following nuclease treatment, 2pg of this mixture was amplified for 15 cycles using the NBam24 primer and conditions described above.
Sequencing of the RDA fragments and PCR of bacterial DNAs.
The PCR product bands identified in the NBam amplicon were cloned into the pGEM-T vector (Promega). Three clones were generated and designated Barn RDA-PCR Eroduct (BRP) 1-3. Sequence data were determined from the vector primers T7 and SP6 using fluorescent-dye-labelled nucleotide and automated sequence analysis on a PE ABI 373A instrument (performed by AltaBioscience, Birmingham University, UK). Sequence data were used to select primers to perform PCR specific for each fragment. DNA extracted from a number of mycobacteria, and bacteria of other genera, was amplified using the following primers and conditions. PCR for BRPl was achieved with primers TD1 (5' GATGCCGTGAGGAG-GTAAAGCTGC 3') and TD2 (5' GATACGGCTCTTGA-ATCCTGCACG 3') using 1.5 mM MgC1, and 40 cycles of 93 "C for 1 min, 62 "C for 1 min, 72 "C for 1 min. PCR for BRP2 was performed with primers TD3 (5' CTCCCATTT-GCGCAGATACCGGAC 3') and TD4 (5' TACCGAGGC-CGCCGATTATCTGTG 3') using 2.0mM MgCI, and 40 cycles of 93 "C for 1 min, 62 "C for 1 min, 72 "C for 1 rnin. PCR for BRP3 was performed with primers TD.5 (5' TCAC-CGTGATGGTCGACTTGGTCC 3') and TD6 (5' ATGT-TCTTGGACAGCCGGTTGGTG 3') using 2.0 rnM MgCI, Low G + C island in pathogenic M . avium subspecies and 40 cycles of 93 "C for 1 min, 62 "C for 1 min, 72 "C for 1 min. In addition, reactions using primers specific for IS900 (Sanderson et al., 1992) and IS902 (Moss et al., 1992a) were performed. Genomic DNAs were diluted to a final concentration of 100 pg pl-' and 5 p1 was used as template for PCR. For each of the PCR reactions a negative control was used, consisting of a buffer blank that was processed in tandem with samples during DNA extraction. (890 mM NaC1,90 mM trisodium citrate, pH 7.0) at 37 "C for 16 h. After screening with the BRPl probe, the filters were reprobed with IS900 (for the M. avium subsp. paratuberculosis library) or IS902 (for the M . avium subsp. silvaticum library), to check the representation of the DNA within the libraries. Thirty-two thousand recombinants were screened for each of the M . avium subsp. paratuberculosis libraries (both EcoRI and HindIII) and 16000 recombinants were screened for the M. avium subsp. silvaticum library (EcoRI). A single clone hybridizing to the BRPl probe was isolated from the M . avium subsp. silvaticum library, designated pGS16. As clones could not be obtained from the M . avium subsp. paratuberculosis libraries, sequence data were determined by PCR/cloning and sequencing from genomic DNA (see below).
Mapping and sequencing the GS element within pGS16.
Plasmid DNA was prepared from the clone pGS16 and digested with a number of restriction enzymes including HindIII, BamHI, XhoI, PstI, SalI and EcoRI (Boehringer). These digests were analysed by agarose gel electrophoresis and Southern blotting. The blots were probed first with the radiolabelled BRPl fragment. Following washing and exposure to Kodak X-Omat film, the blots were stripped (using 0.2 M NaOH, 0.1 YO SDS) and re-probed with various radiolabelled restriction enzyme fragments to produce an over-lapping map of restriction sites. A separate blot was probed with radiolabelled DNA from M . avium subsp. avium strain 0018 to identify non-hybridizing fragments. Based on these mapping data, four overlapping subclones (pSGH27, pSGH33, pSGB21 and pSGX65) were prepared and plasmid DNA was isolated using QIA-miniprep (Qiagen). This DNA was sequenced fully on both strands using automated sequencing (as described above) by primer walking. An additional 1 kb of sequence 5' of the EcoRI junction in clone pGS16 was determined from M. avium subsp. silvaticum strain 0012 genomic DNA by use of inverse PCR following BamHI digestion and re-ligation, shown in Fig. 4(b) . Sequence data for the GS element in M. avium subsp. paratuberculosis 0138 (Linda strain) were determined by PCR amplification of DNA segments from genomic DNA using the primers selected from the sequence determined from M . avium subsp. silvaticum strain 0012. PCR products were cloned into the pGEM.T vector (Promega) and two clones were sequenced for each PCR product (no base discrepancies were observed between clones). The distribution of the GS element in other species was investigated by Southern blotting. DNA from a range of mycobacterial species, M. avium subsp. avium serotypes, Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa was prepared as previously described and digested with PvuII. This was blotted by standard protocols and probed at high stringency (0.1% SDS, 0.1 x SSC at 35 "C) using a radiolabelled 282 bp GS region derived by PCR from M. avium subsp. silvaticum strain 0012 using the primers P/TGSBAl, 5' GCGGATCGATCACCTCTACG 3', and P/TGSBA2R, 5' GCCGAACATCTCCGACGAGG 3'. Analysis and interpretation of sequence data. General editing and analysis of sequence data were performed using Gene- Low G + C island in pathogenic M . avium subspecies were determined and the sequence was used to select PCR primers specific for each product (generating PCR products corresponding to 481 bp for BRP1,407 bp for BRP2 and 315 bp for BRP3). These PCR reactions, together with PCR specific for IS900 and specific for IS902, with appropriate controls were applied to DNA from a number of bacteria ( complex and other closely related species of mycobacteria (Fig. 2) . This indicated a single band that correlated in size to that predicted by the sequence data, hybridizing only to M. auium subsp. siluaticum and M. auium subsp. paratuberculosis isolates. PCR specific for BRPl gave a signal with all M. avium subsp. paratuberculosis and all M . auium subsp. silvaticum strains and one M. auium subsp. avium strain (0033) but no signal was seen with any other bacterial DNA as template (Table 1 ). M. auium subsp. avium strain 0033 also gave a weak signal with IS900 PCR. Southern blotting of genomic DNA from this strain showed a single hybridizing band with an IS900 probe, not the multibanding pattern that would normally be expected with an IS of this family (Green et al., 1989; Moss et al., 1992b) . This unusual strain of M. avium subsp. auium is under further investigation. In contrast, BRP2 and BRP3 PCR reactions gave signals with a variety of mycobacteria and other bacteria, both Grampositive and Gram-negative. Products generated from other bacteria and mycobacteria were fainter, suggesting weaker hybridization of primers with these DNA templates (data not shown). However, the fact that any amplification was detected suggests quite a high degree of conservation of these sequences between genera, though no significant nucleotide sequence homologies were found when searching the databases with the BRP2 and BRP3 sequences. Since BRP2 and BRP3 were found across a broad range of bacteria they were not examined further. followed by probing with other isolated fragments (Fig.  3 ). This showed that pGS16 had an unusual structure, containing two genomic inserts, one of approximately 17 kbp and the other 3 kbp, and two copies of pUC18 (Fig. 4a ). The 3.3 kbp and 2.7 kbp HindIII fragments from this clone did not hybridize to M. avium subsp. avium strain 0018 DNA (Fig. 3b) , which suggests the region designated GS is not present in this subspecies. Four subclones were generated, pGSX6.5, pGSH33, pGSH27 and pGSB21 (Fig. 4b) , and used as template to determine the nucleotide sequence for this region. Subsequent analysis of sequence data confirmed the assignment of restriction fragments, interpretation of which may have been confused by the presence of two copies of pUC18. The 2.1 kbp BamHI fragment and the 6.9 kbp HindIII fragment (Fig. 3b ) both showed stronger hybridization to the M. avium subsp. avium strain 0018 genomic DNA than other fragments flanking but not including GS. This is suggestive of the presence of a repetitive DNA element within these clones which is common to these two strains. subsp. siluaticum) showed five ORFs in a 'unique' region ( Fig. 5) , designated gsa (277 aa residues), gsbA (343 aa residues), gsbB (334 aa residues), gsc (240 aa residues) and gsd (266 aa residues). All five were found to have homologues in M. tuberculosis (Fig. 6 ). These were found in two groups : (a) ORFs homologous to gsa, gsbA, gsbB and gsc grouped together on the 42 kb M. tuberculosis genome fragment contained in cosmid Y277 (GenBank accession no. 279701) in the region 31972 to 35493 bp; (b) ORFs homologous to gsc and gsd were adjacent on the 35 kb fragment of the M . tuberculosis genome in cosmid Y349 (GenBank accession no. 283018) in the region 14306 to 15934 bp. A further ORF designated ORF6 of 441 aa residues and not found in M. auium subsp. paratuberculosis was found to be homologous to one in M. tuberculosis on cosmid Y63 (GenBank accession no. 296800) in the region 28870 to 30201 bp. It is interesting to note that despite the presence of these homologues no PCR signal was seen in M. tuberculosis when probing with BRP1, which spans the coding sequences for gsbB and gsc, which may have been due to the lower level of homology in the gsc region (Table 1 ). These M. tuberculosis genes have been sequenced but are as yet uncharacterized either translationally or functionally. The homologies with gsbA and gsbB were particularly high at 89% and 84-6 YO , respectively.
The overall G + C content of the GS region was 58.0 mol YO , significantly lower than the mean G + C values for M. auium subsp. paratuberculosis (67.0 mol%). This suggests that gsa-gsd genes are a relatively recent acquisition for both M. auium subsp. silvaticum and M. auium subsp. paratuberculosis. Four of the gene sequences published for M. auium subsp. paratuberculosis had values notably below the mean. Two were the 16s and 23s rRNA sequences (56.8 and 56.1 mol% ; accession nos M61680 and X74495). One was a partial sequence described as homologous to a bacteriophage integrase (62.0 mol% ; GenBank accession no. L39071). The last was an uncharacterized sequence of 620 bp simply identified as 'specific to M. avium subsp. paratuberculosis ' (fragment F57, 59 mol YO ; GenBank accession no. X70277). By comparison the mean G + C content for 48 coding sequences published for M. avium subsp. auium was 68.5 mol%, There was a further significant drop, to 50.5 mol %, in the G + C content of the GS element which occurs within the region encoding gsc (Fig. 5 ) .
The GS element in M. avium subsp. silvaticum versus M. avium subsp. paratuberculosis
The nucleotide sequence of GS was determined for M. avium subsp. silvaticum from a genomic clone and for M. auium subsp. paratuberculosis from duplicate cloned PCR fragments with overlapping sections. These were 99.3 % identical over a contiguous span of 4435 bp (Fig.   5 ). Within the contiguous span, 30 bp changes were found which caused 4 aa residue changes in gsbA, 1 aa residue change in gsbB7 2 aa residue changes in gsc and no changes in the translation of gsd. ORF6 was not identified in M. avium subsp. paratuberculosis (hence its different designation). The corresponding sequence in M. auium subsp. paratuberculosis showed a G + C content more consistent with the normal values for mycobacteria. This suggests that one end of the GS element may be situated at this divergence point (Fig. 5b) .
In the subclone pGSB21, the G + C content increased again to a more characteristic level for mycobacteria (65.4 mol%). The two ORFs found in this region were designated istA (329 aa residues) and istB (264 aa IP: 54.70.40.11
On: Wed, 26 Dec 2018 22:18:43 M. T I Z A R D a n d OTHERS residues). Database searches revealed significant homology for the two ORFs, in particular istB, with the putative transposase of IS1415 from Rhodococcus erythropolis (38*8°/0 over 219 aa residues) and a number of other IS sequences belonging to the IS21 family (Nagy et al., 1997; Reimmann et al., 1989) . Within this region, PCR performed on M. avium subsp. paratuberculosis using a number of primers derived from M. avium subsp. silvaticum sequence failed to yield products. This suggested that this sequence was significantly different or absent. It may have been a more recent acquisition or the copy of the IS in M. avium subsp. paratuberculosis may have excised. Further studies will be required to clarify this point.
Homologues of the GS genes in other bacteria
A number of genes encoded in the GS element show significant homologies to known genes (Table 2 ) , the most striking being gsbA and ORF6. Homology to gs6A was found across a wide range of bacterial species with genes encoding GDP-D-mannose dehydratase (gmd ; a gene involved in fucose biosynthesis). Examples of these included rfbD from Vibrio cholerae (59% identity over 293 aa residues), gmd from the E. coli wca gene cluster (57% over 316 aa residues), the rfb-associated orf13.7 from Yersinia enterocolitica (58.5% over 311 aa residues) and algD from P. aeruginosa (55% over 301 aa residues). In all these cases the next gene downstream, Low G + C island in pathogenic M . avium subspecies usually by only 3-10 bp, was a homologue of gsbB.
Whilst homologues to other genes in the GS cluster may have different arrangements, orientations or genomic locations, these two genes were always found in tandem. gsa and gsd had homologies with the glycosyltransferases that were associated with genes including gmd in Escherichia, Yersinia and Pseudornonas. These have been suggested to control the transfer and polymerization of the modified monosaccharide units generated by the homologues of gsbA and gsbB during assembly of LPS, colanic acid or extracellular polysaccharide (Bik et al., Zhang et al., 1996; Stevenson et al., 1996; Currie et al., 1995) . None of these clusters showed homologues of gsc. Only rfbT of V. cholerae 01 showed significant homology to this gene. rfbT is a gene which has been shown to mediate the switch from the Ogawa to the Inaba epidemic serotype which encoded a cytoplasmic membrane protein thought to methylate sugar residues (Stroeher et al., 1992) . The product of ORFG showed homology with UDPglucose dehydrogenase from Xanthomonas campestris (53.2 '/o over 201 aa residues), Bacillus subtilis (54.8 % over 208 aa residues) and P. aeruginosa (54.3 5% over 199 aa residues).
Genetic islands and cell wall structures
The low G + C content of this cluster of genes indicates that they may have been acquired from a foreign source. The G + C content and association with a possible mobilization factor (in this case a putative IS sequence) are features of a class of genetic element, characterized by pathogenicity islands (Blum et al., 1994) . Examples of virulence islands, a subset of pathogenicity islands, have been found in both Gram-positive and Gram-negative bacteria ranging in size from 6 kbp in Streptococcus pyogenes to 190 kbp in uropathogenic E. coli (Hacker et al., 1997) . There is at present no experimental evidence to assign the GS element as a pathogenicity island; however, it has been shown to be present in two clearly characterized enteric pathogens and was absent from the majority of M. avium subsp. avium strains studied.
Interpretation of database homologies indicated that the GS element encodes functions related to extracellular polysaccharide synthesis or modification. The study of cell wall assembly is of current interest in the development of novel antibiotics to combat emergent multidrug-resistant M . tuberculosis (Kolattukudy et al., 1997; Telenti et al., 1997) . Mycobacterial cell surface polysaccharides are known to have potent immunological effects and an implied role in pathogenicity (Brennan & Nikaido, 1995 ; Venisse et al., 1995) . There is the potential for genes involved in synthesis or modification of such polysaccharide to affect the virulence of mycobacteria. Determination of a serotype can be controlled by specific gene clusters and is related to cell wall structures, although in M . avium subsp. avium, no connection between serovars and pathogenicity has been shown. The ser-2 locus has been cloned and characterized in M. avium subsp. avium and shown to encode functions that produce a dimethyl fucopyranosyl rhamnopyranoside unit at the terminus of the glycopeptidolipid which is characteristic of serovar 2 and not found in other serovars (Belisle et al., 1993) . This locus was shown to encode functions such as synthesis of fucose and the appropriate glycosyltransferases and methylases (Mills et al., 1994) . It is possible that GS is related to the ser-2 locus functionally or genetically, though at present the nucleotide sequence for ser-2 is unavailable for comparison. The identification of the GS element represents the first observation in mycobacteria of a 'genetic island '-like structure. Pathogenicity islands have been shown to include structures encoding metabolic functions, transport functions and metal-ion or antibiotic resistance functions (Hacker et al., 1997) . In this case the functions relate to modification of the mycobacterial extracellular polysaccharide component, possibly glycopeptidolipid. Further work is required to clarify the boundaries of the element in M. avium subsp. silvaticum and M. avium subsp. paratuberculosis, its specific functions and prevalence in other pathogens.
NOTE ADDED IN PROOF
Homologues to GS genes in M. tuberculosis are now annotated as follows: gsa = Rv1514, gsbA = g m d A ; Rvl511, gsbB = epiA;Rvl512, gscTBl = Rv1513, gscTB2 = Rv2956, gsd = Rv2957 (Cole et a[., 1998) .
